Rett syndrome is a neurodevelopmental disorder caused by mutations in the transcriptional repressor methyl-CpG-binding protein 2 (MeCP2) and represents the leading genetic cause for mental retardation in girls. MeCP2-mutant mice have been generated to study the molecular mechanisms of the disease. It was suggested that an imbalance between excitatory and inhibitory neurotransmission is responsible for the behavioral abnormalities but it remained largely unclear which synaptic components are affected and how cellular impairments relate to the time course of the disease. Here, we report that MeCP2 KO mice present an imbalance between inhibitory and excitatory synaptic transmission in the ventrolateral medulla already at postnatal day 7. Focusing on the inhibitory synaptic transmission we show that GABAergic, but not glycinergic, synaptic transmission is strongly depressed in MECP2 KO mice. These alterations are presumably due to both decreased presynaptic GABA release with reduced levels of the vesicular inhibitory transmitter transporter and reduced levels of postsynaptic GABA A receptor subunits 2 and 4.
tools and may provide a rationale for the timing of future therapeutic interventions in Rett patients.
INTRODUCTION
Rett syndrome (RTT, OMIM 312750) is an X-linked debilitating neurodevelopmental disorder leading to mental retardation in females (Amir et al. 1999 ). RTT patients are supposed to achieve normal developmental milestones until 6-18 months of age when they begin to regress (Hanefeld et al. 1986; Kozinetz et al. 1993 ). Subsequently, patients develop cognitive and motor symptoms, including severe ventilation problems (Hanefeld et al. 1986 ) that may lead to lethal apnea (Kerr and Burford 2001) .
Mutations in the transcriptional repressor methyl-CpG-binding protein 2 (MeCP2) account for the majority of RTT cases (Kozinetz et al. 1993 ). Therefore, MeCP2-mutant mice have been generated to study the cellular and molecular mechanisms of Rett syndrome (Amir et al. 1999; Chen et al. 2001 ; Guy et al. 2001 ).
Similar to patients, the MeCP2-mutant -/y mice are apparently normal until about 5 weeks of age, when they begin to exhibit abnormal motor and social behavior, including respiratory irregularities (Stettner et al. 2007 ; Viemari et al. 2005 ). Since morphological alterations in brain architecture are subtle in MeCP2 mutants (Chen et al. 2001 ), most studies have focused on functional impairments to explain their profound behavioral abnormalities. Previous electrophysiological studies of adult mutant MeCP2 mice demonstrated an enhanced excitatory neurotransmission (Moretti et al. 2006 ) and reduced synaptic plasticity in the hippocampus (Asaka et al. 2006 ; Moretti et al. 2006 ). In addition, it was shown that deletion of MeCP2 may result in a reduction of excitatory activity and an increase of inhibitory release in neocortical neurons (Dani et al. 2005 ). Furthermore, deletion of MeCP2 has been shown to decrease while overexpression of MeCP2 enhanced the excitatory synaptic transmission in autaptic hippocampus neurons (Chao et al. 2007 ). Although these studies found opposite effects of MeCP2 on excitatory versus inhibitory neurotransmission, it appears likely that an imbalance of synaptic activity is a crucial aspect of the phenotype. However, with respect to the underlying mechanisms and 
MATERIALS AND METHODS
Animals. Experiments were performed on mice using the strain [B6.129P2(C)-Mecp2 tm1-1Bird] as a mouse model for Rett syndrome (17) . The mice were obtained commercially from The Jackson Laboratory (Bar Harbor, ME) and maintained on a C57BL/6J background. Hemizygous mutant Mecp2 males were generated by crossing heterozygous knockout females with C57BL/6J wild-type males. All experiments were performed on hemizygous (-/y) MeCP2 males and their sex-and age-matched littermate controls (+/y). We used (-/y) MeCP2 males because heterozygous (+/-) MeCP2 female mice have a heterogeneous phenotype as a result of the X-inactivation profile of the X-linked MeCP2 gene. Genotyping was performed as described before (Stettner et al. 2007 drug was directly applied in close proximity to neurons by glass pipettes filled with muscimol (5 mM) or glycine (5 mM) dissolved in above bath solution. For minimizing the variation between experiments, we kept tip size of pipette, pressure (0.5 mbar) and time (500 ms) constant for all experiments. In addition, the distance between pipette tips and the cell were monitored using a LCD camera, and was also kept constant between different experiments. The remaining variation between experiments was random in nature, and was not specifically related to the genotype of the tested animals, especially because the experimenter was unaware of the genotype. In order to elicit a hypertonic response (Rosenmund and Stevens 1996) , sucrose (300 mM) was applied in the perfusion flow for 2 seconds. In all tested animals, there were no significant differences in the noise levels between different genotypes. Patches with a serial resistance of >10 MV, a membrane resistance of <0.2 GV, or leak currents of >200 pA were excluded. The membrane currents were filtered by a four-pole Bessel filter at a corner frequency of 2 kHz, and digitized at a sampling rate of 5 kHz using the DigiData 1322A interface (Molecular Devices, Sunnyvale, CA).
Kinetics and data analysis. mutant mice (p<0.001; Fig. 2A and B ), whereas the overall amplitude did not differ significantly between the genotypes (Fig. 2C ). In the brainstem, part of the miniature . Using this paradigm, we observed no significant difference in the number of mixed and glycinergic miniature events between WT and MeCP2 KO neurons ( Fig. 2E) . However, the miniature events that are mediated by GABA alone were reduced by 50 % in mutant neurons ( Fig. 2E ), suggesting that a specific reduction of GABAergic synaptic transmission is responsible for the reduced frequency of IPSCs in MeCP2 KO mice.
IPSCs is dual-component events comprising glycine-and GABA
To directly examine the GABAergic synaptic transmission, we pharmacologically isolated GABA-mediated miniature postsynaptic currents (mGPSCs) in the presence of 0.5 QM TTX to block action potential-driven release and 1 QM strychnine to suppress the glycinergic component (Fig. 2F ). Quantification demonstrated that the average frequency of mGPSC decreased from 1.17±0.1 Hz in WT to 0.6±0.1 Hz in MeCP2-mutant mice (p<0.001; Fig. 2G ), whereas no significant change in the amplitude of the GABAergic events was observed ( Fig. 2H) .
Consistent with the idea that GABA is responsible for the slower component of mIPSCs ( Fig. 2D ), analysis of sample traces ( Fig. 2I ) and quantification of the kinetics of mGPSCs (Table 1) 4A and B) or 1QM bicuculine ( Fig. 4C and D) , respectively. Postsynaptic responses to the GABA A -receptor agonist muscimol (5 mM) were decreased from 4.9±0.9 nA in WT to 2.2±0.9 nA in mutant neurons from ventrolateral medulla (p<0.05; Fig. 4B ),
suggesting an impairment of functional GABA A receptors. In contrast, the response to glycine (5 mM) was almost identical in both genotypes (WT: 2.7±0.5 nA, KO:
2.5±0.4 nA; Fig. 4D ). Interestingly, the absence of changes in glycine-mediated activity might explain the lack of an overt respiratory phenotype because the glycine receptor is essential for respiratory rhythm generation at this developmental age (Richter and Spyer 2001) .
Since GABA A receptors that mediate phasic synaptic inhibition predominantly contain a 2 subunit in association with one of the 1, 2 or 3 subunits ( 1/2/3 2/3 2 ), the subunit present determines the deactivation kinetics of the receptor currents Since pharmacological means to distinguish between different GABA A receptor subunit compositions are very limited, we directly compared the protein levels of different GABA A receptor subunits and glycine receptors in mutant and WT mice. Quantitative immunoblots of brainstem lysates showed that relative level of the GABA A 2 subunit was decreased by more than 30% (p<0.01), while the levels of GABA A 1, 3, 4 and 3 subunits, and of glycine receptors were not significantly different between the MeCP2-mutant and the control mice ( Fig. 6A and B ). Since other antibodies against additional GABA A receptor subunits were not suitable for analysis of early postnatal brainstem material, their amounts could not be tested at the protein level. However, as MeCP2 is a transcriptional repressor, putative changes in the expression of GABA A receptor subunits should be detectable at the mRNA level in the MeCP2 deficient mice. Using quantitative RT-PCR, we probed for all GABA A , and subunits as well as glycine receptors subunits. Consistent with immunoblotting experiments, we found a significant decrease in the mRNA of the GABA A 2 subunits, whereas the levels of almost all other subunits tested were unchanged ( Table 2) . Although the two approaches were not identical with respect to the 4 subunit (reduced in mRNA, Table 2 ; unchanged at protein level, Fig. 6 ), the shorter decay time of mGPSCs measured in MeCP2 mutant mice ( Fig. 2I and J) can be sufficiently explained by the reduction in GABA A receptor 2 subunits (mRNA, The experiments in the present study were performed on unidentified neurons within the ventrolateral medulla that contains both respiratory and none-respiratory neurons. It is quite likely that the results of the present study do apply for respiratory rhythm-generating network. More detailed work will be required to ascertain whether the present findings apply to the cellular mechanisms of the respiratory rhythmgeneration. Nevertheless, our data demonstrate that inhibitory and excitatory network activity in the ventrolateral medulla is already altered in early postnatal mutant mice ( Fig. 1) , although no obvious impairment in the overall ventilation activity was evident at this age (Viemari et al. 2005 ). The absence of overt respiratory problems may be surprising with respect to such a strong cellular phenotype, however, the respiratory network is known to be one of the most robust , with no effect on either the frequency and amplitude of mIPSCs ).
DISCUSSION
Although the divergent results may reflect the different brain regions and ages investigated, these studies uniformly emphazised the general importance of the balance between inhibitory and excitatory synaptic transmission for the ethiology of RTT, and is confirmed by our current findings in the brainstem (Fig. 1) . Extending the previously published data, we now show that it is specifically the GABA-but not the glycine-mediated component of inhibitory synaptic transmission that is significantly compromised in MeCP2 mutants (Fig. 2) . Furthermore, we demonstrate here for the first time that the impaired GABAergic synaptic transmission is due to a reduction of specific presynaptic (Fig. 3 , Table 2 ) and postsynaptic components ( Fig. 4, 6 , Table   2) Table 2 ) could explain the changes in the decay time of mGPSCs ( Fig. 4) , whereas the alternative explanation of a changed expression of GABA A 1 subunit was not validated ( Fig. 5 and 6, Table 2 ). Our results on altered GABA Significance level was tested by a two-tailed Student's t test;. n = 6 mice were used for each genotype 
Figure legends

